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Increased expression of atrial natriuretic peptide in the kidney kidneys. Various factors contributing to the postobstruc-
of rats with bilateral ureteral obstruction. tive diuresis have been suggested, including decreases of
Background. Whether the postobstructive diuresis can be tubular sodium reabsorption [1, 2], retention of urea [3, 4],related to an altered regulation of local atrial natriuretic pep-
and expansion of extracellular fluid volume [5]. Althoughtide (ANP) in the kidney was investigated.
a role of atrial natriuretic peptide (ANP) in mediatingMethods. Three groups of rats had both of their ureters
obstructed for 48 hours. The kidneys were taken without releas- the postobstructive diuresis has been also suggested [6],
ing the obstruction in one group [bilateral ureteral obstruction the detailed mechanisms remain to be determined.
(BUO)]. The obstruction was released in the other two groups Recent studies have shown that the kidney per se isand the animals were kept for 4 and 24 hours thereafter to
also a site of production and release of ANP. ANP immu-collect urinary data (BUR-4 and BUR-24, respectively). Plasma
noreactive signals are localized to the distal tubule andand urine ANP levels were measured by radioimmunoassay.
The mRNA expression of ANP, natriuretic peptide receptor- intercalated cells of the collecting duct [7, 8]. In addition,
A (NPR-A), and NPR-C was determined by reverse transcrip- in vitro autoradiography and in situ hybridization demon-
tion-polymerase chain reaction. ANP receptors were also quan- strated natriuretic peptide receptors (NPRs)-A, -B, andtitated by in vitro autoradiography. The activity of guanylyl
-C, and their respective mRNAs in the kidney [9–11].cyclase was determined by the amount of cGMP generated in
The locally synthesized ANP may act in a paracrine man-response to ANP.
Results. Urinary volume and sodium excretion increased in ner to increase the urinary excretion of sodium and wa-
BUR-4, along with the ANP mRNA expression in the kidney ter. In this context, an altered regulation of ANP in the
and the urinary ANP excretion. The ANP excretion positively kidney may result in an altered urinary excretion.correlated with the urinary volume and sodium excretion. The
The present study was aimed to examine whether themRNA expression of both NPR-A and NPR-C was decreased
postobstructive diuresis can be related to an altered regu-by BUO, the latter being far more prominently affected. The
maximal binding capacity of radiolabeled ANP was decreased lation of ANP in the kidney. Rats were made of experi-
in the glomerulus and papilla in BUO. Not only the urinary mental bilateral ureteral obstruction (BUO), and the
parameters but also the mRNA expression of ANP, NPR-A, mRNA expression of ANP, NPR-A, and NPR-C, andand NPR-C were comparable between BUR-24 and control rats.
the activity of particulate cyclase stimulated by ANPANP-stimulated cGMP generation was reduced in the glomer-
were determined in the kidney.ulus and papilla in BUO animals, which was rapidly resumed
following the release of the obstruction.
Conclusions. Postobstructive diuresis may be due partially
METHODSto an increased ANP activity in the kidney.
Animals
Male Sprague-Dawley rats weighing 200 to 250 g were
Obstruction of the urinary tract is a common cause of used. They were kept in accordance with the Institutional
loss of renal function. A marked and sometimes prolonged Guidelines of Experimental Animal Care and Use. The
diuresis may follow the relief of severe obstruction of both abdominal cavity was opened, and 2-0 silk ligature was
placed at both proximal ureters under anesthesia with
ketamine (50 mg/kg, intraperitoneally). After closure ofKey words: postobstructive diuresis, atrial natriuretic peptide, kidney
obstruction, natriuretic peptide receptors, cyclase. the abdomen, the animals were kept for 48 hours while
they were given food and water ad libitum. The ratsReceived for publication December 30, 1999
were considered to have a successful ureteral obstructionand in revised form October 23, 2000
Accepted for publication October 26, 2000 when the ureteral diameter was .2 mm and hydrone-
phrosis was evident.Ó 2001 by the International Society of Nephrology
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On the experimental day, among the three groups of ends to maximize the possibility that it would be ampli-
fied with the same efficiency and specificity as the targetureteral obstructed rats, one group was designated as
BUO because the kidneys were taken without releasing template and be affected in the same way by variations
in reaction conditions. Constant amounts of wild-typethe obstruction. The ureteral obstruction was released
in the other two groups, and the rats were kept alive for cDNA and decreasing amounts of DNA competitors
(1:2.5 dilution scheme) were added to polymerase chain4 and 24 hours thereafter; they were designated as groups
BUR-4 and BUR-24, respectively. Corresponding con- reaction (PCR) tubes. All tubes were subjected to PCR
using specific primers for ANP, NPR-A, and NPR-C,trol groups were treated the same, except that no ureteral
obstruction was performed. prepared as described previously [12]. They consistently
produced two bands of predicted sizes (ANP 332 bp,
Urine collection ANP competitor 580 bp; NPR-A 451 bp, NPR-A compet-
itor 350 bp; NPR-C 573 bp, NPR-C competitor 380 bp).In BUR-4, BUR-24, and their respective control rats,
the bladder was cannulated under anesthesia with keta- The PCR profile for ANP was: 27 cycles at 938C for one
minute, 63.58C for 30 seconds, 728C for one minute, andmine (50 mg/kg, intraperitoneally) to collect urine sam-
ples. Urine was collected during four-hour periods of final extension at 728C for five minutes. The PCR profile
for NPR-A and NPR-C was: 27 cycles at 938C for onethree to seven hours after releasing the ureteral obstruc-
tion in BUR-4 and of 23 to 27 hours in BUR-24. Urine minute, 568C for 30 seconds, 728C for one minute and
30 seconds, and final extension at 728C for five minutes.volume, osmolality, creatinine, sodium, and ANP excre-
tion measurements were determined. The trunk blood PCR was performed in a thermal cycler (MJ Research,
Watertown, MA, USA) in a total volume of 20 mL con-was collected at the end of the experiment by the ani-
mal’s decapitation to determine serum creatinine, so- taining 10 pmol of each primer, dNTP mix (250 mmol/L),
MgCl2 (1.5 mmol/L), 1 3 reaction buffer, and Taq DNAdium, and osmolality.
polymerase (1 U; Perkin Elmer, New Jersey, USA). For
Radioimmunoassay of ANP quantitation of G3PDH, a competitive reverse transcrip-
tion (RT)-PCR was performed using DNA competitorTo determine plasma ANP, the trunk blood was col-
lected by the animal’s decapitation while in a conscious of G3PDH. Decreasing amounts of DNA competitors
of G3PDH and wild-type cDNA representing 2 ng ofstate. The plasma and urine were extracted with Sep-
Pak C18 cartridge (Waters Associates, Milford, MA, total RNA were used. The PCR products were size frac-
tionated by 1.2% agarose gel electrophoresis, visualizedUSA), and the concentrations of ANP were determined
using a commercial radioimmunoassay kit (Research & with an ultraviolet transluminator with ethidium bro-
mide staining, and photographed. All images were quan-Diagnostic Antibodies, Berkeley, CA, USA).
titated by IMAGERe and 1D MAIN (Bioneer, Cheong-
Isolation of total RNA won, Korea).
Results were plotted as the copy number of CRS-Following decapitation, the kidney was quickly re-
moved and stored at 2708C until use. Total RNA was DNAs (x axis) versus the corrected CRS-DNA band to
wild-type band density ratios (y axis) in a full logarithmicisolated according to the protocols of Ultraspece RNA
isolation system (Biotecx Laboratories, Houston, TX, chart. The point in which the ratio was 1.0 was regarded
as the concentration of wild-type cDNA (Fig. 1). TissueUSA). The RNA concentration was determined by the
absorbance read at 260 nm (Ultraspec 2000; Pharmacia concentrations of ANP, NPR-A, and NPR-C mRNA
were normalized to G3PDH mRNA concentrations andBiotech, Cambridge, UK). Total RNA (1 mg) was incu-
bated with reverse transcriptase (200 U; GIBCO BRL, were reported in micromoles per mole of G3PDH.
Grand Island, NY, USA), Rnasin (10 U), dNTP mix
Binding studies(10 mmol/L), dithiothreitol (DTT; 100 mmol/L), MgCl2
(25 mmol/L), oligo-dT (0.5 mg/mL), and reaction buf- The kidney was snap frozen in isopentane cooled by
dry ice and stored in a sealed box at 2708C until section.fer (200 mmol/L Tris-HCl, pH 8.4, 500 mmol/L KCl) in
a final volume of 20 mL at 428C for 50 minutes. The Serial 20 mm sections were made on a cryostat at 2208C,
thaw mounted onto gelatin-coated slides, and dried in acDNA was stored at 2708C.
desiccator at 48C overnight before immediate incubation.
Competitive polymerase chain reaction The binding of 125I-labeled rat (r)ANP to the kidney
sections was studied as described previously [13]. TheDNA competitors of ANP, NPR-A, and NPR-C were
made using a Competitive DNA Construction kit ac- sections were washed with 150 mmol/L NaCl-0.5% acetic
acid (pH 5.0) at room temperature for 10 minutes in ordercording to the manufacturer’s instructions (Competitive
RNA Transcription Kit; Takara Shuzo, Shiga, Japan). to remove the endogenous ANP [14]. The sections were
preincubated with 30 mmol/L phosphate buffer (pH 7.2)The competitive reference standard (CRS)-DNA was
designed to be identical to the target template at both containing 120 mmol/L NaCl and 1 mmol/L phenanthro-
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Fig. 1. Representative fluorographs showing ethidium bromide-stained agarose gels containing reverse transcription-polymerase chain reaction
(RT-PCR) products of atrial natriuretic peptide (ANP), natriuretic peptide receptor-A (NPR-A), and NPR-C. (A) RT-PCR products using
decreasing amounts of competitive reference standard (CRS)-DNA. (B) Examples determining cDNA concentration. The point of equal density
(ratio 5 1) was regarded as the concentration of wild-type cDNA.
line at room temperature for 10 minutes. They were then or papillary regions in each individual section were cap-
tured and averaged.incubated with 125I-rANP in fresh preincubation buffer
containing 40 mg/mL bacitracin, 100 mg/mL leupeptin,
Membrane preparation and guanylyl cyclase activityand 0.5% bovine serum albumin (BSA) at room temper-
ature for 60 minutes. To characterize ANP receptors, The glomerulus was isolated from cortex by graded
sieve methods [16]. In brief, the kidney was decapsulated,the competitive inhibition of 125I-rANP binding was ex-
amined in consecutive sections by coincubation with var- and the cortex was consecutively filtered through stan-
dard sieves (250, 150, 125, and 75 mm). The glomeruli onious concentrations (0 to 10 mmol/L) of unlabeled rANP.
After incubation, the sections were rinsed in cold distilled the 75 mm sieve were collected by centrifugation (1000 3
g for 15 min at 48C). The glomerulus or papilla waswater at 48C and quickly dried under a stream of cold air.
Autoradiographic images were generated by exposing homogenized in an ice-cold homogenization buffer [50
mmol/L Tris-HCl, pH 8.0, containing 1 mmol/L ethylene-the slides with dried 125I-rANP–labeled kidney sections
to Hyperfilm-3H (Amersham, Buckinghamshire, UK) in diaminetetraacetic acid (EDTA), 0.2 mmol/L phenyl-
methylsulfonyl fluoride (PMSF), and 250 mmol/L su-x-ray cassettes together with 20 mmol/L thick 125I-labeled
polymer standard strips at room temperature for seven crose]. The homogenate was centrifuged at 1000 3 g for
10 minutes at 48C, and the supernatant was recentrifugeddays. The image was viewed with a Leica Wild M 420
macroscope and captured using a Sony video camera at 100,000 3 g for 60 minutes at 48C. The membrane pellet
was washed thrice with 50 mmol/L Tris-HCl (pH 7.4)with CCD iris and a Hamamatsu AC adaptor connected
to a Power Macintosh 8100/80 AV computer. Regional and resuspended. Protein concentrations were deter-
mined using bicinchonic acid assay kit (Bio-Rad, Her-bindings of 125I-rANP in the glomerulus and papilla were
analyzed for a mean gray scale value using PRISM image cules, CA, USA).
Particulate guanylyl cyclase activity was measured inprogram (Version 3.6-1; Improve Vision, Coventry, UK).
Optical densities were measured as disintegrations per the glomerular and papillary membrane aliquots by the
method of Winquist et al [17] with a slight modification.min (dpm) per mm2, based on a comparison with a cali-
bration curve from the autoradiograms of 125I standard The aliquots were incubated for 15 minutes at 378C in
50 mmol/L Tris-HCl (pH 7.6) containing 1 mmol/L 3-iso-microscale included in each x-ray cassette. Data were
converted into fmol of 125I-rANP per mm2, as described butyl-1-methylxanthine, 1 mmol/L guanosine triphosphate,
1 mmol/L adenosine triphosphate, 15 mmol/L phosphocre-previously [15]. The densities of 10 different glomerular
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Table 1. Renal functional parameters following bilateral correlated with the urinary ANP excretion (Fig. 2). The
ureteral obstruction
urinary volume and ANP excretion in BUR-24 did not
Control BUO differ significantly from the controls. Accordingly, the
(N 5 7) (N 5 7)
plasma ANP was normalized in BUR-24, although it was
BUN mg/dL 2363 23164b decreased in BUR-4. Neither in BUR-4 nor in BUR-24SCr mg/dL 0.3560.03 8.2860.25b
did the urinary cGMP excretion differ significantly fromPANP pg/mL 134.6623.8 261.1632.8a
the control.Values are mean 6 SEM. Abbreviations are: N, number of rats; BUO, bilateral
ureteral obstruction; BUN, blood urea nitrogen; SCr, serum creatinine; PANP,
plasma ANP. Expression of ANP and NPR mRNAa P , 0.05, b P , 0.001 vs. control
Figure 3 shows the expression of ANP mRNA in the
kidney. The abundance of ANP mRNA was significantly
increased in BUO and BUR-4, but was not in BUR-24.
atinine, 80 mg/mL creatine phosphokinase, and 4 mmol/L The mRNA expressions of NPR-A and NPR-C are
MgCl2 in the presence of 0 to 10 mmol/L ANP. Incuba- shown in Figures 4 and 5, respectively. The ureteral ob-
tions were stopped by adding ice-cold 50 mmol/L sodium struction decreased both NPR-A and NPR-C expression,
acetate (pH 5.0) and boiling for five minutes. Samples the magnitude of which, however, was far more promi-
were then centrifuged (10,000 3 g for 10 min at 48C). nent for the latter. BUR-24 showed no significant differ-
cGMP was measured in the supernatant by equili- ences of NPR-A and NPR-C expression from the control.
brated radioimmunoassay. In brief, standards and samples
ANP binding studywere introduced in a final volume of 100 mL of 50 mmol/L
sodium acetate buffer (pH 4.8), and then 100 mL of dilute Figure 6 shows the distribution of 125I-rANP binding
cGMP antiserum (Calbiochem-Novabiochem, San Diego, in the kidney in control and BUO. The radiolabeled
CA, USA) and iodinated cGMP (10,000 cpm/100 mL, ANP binding was shown in the cortical as well as in the
specific activity 5 2,200 Ci/mmol; DuPont-New England medullary regions. In the cortex, the ANP binding was
Nuclear, Wilmington, DE, USA) were added and incu- primarily localized to the glomerulus. In the outer me-
dulla, the binding was found in longitudinal bands inbated for 24 hours at 48C. The bound form was separated
the inner stripe, corresponding to medullary vascularfrom the free form by charcoal suspension. Results were
bundles. The binding was minimal in the interbundleexpressed as picomoles of cGMP generated per mg pro-
area, whereas it was highly detected in the papilla.tein per minute. cGMP levels were also determined in
Unlabeled ANP displaced the radiolabeled ANP bind-urine samples.
ing. Nonspecific binding was less than 10%. Increasing
concentrations of unlabeled ANP resulted in a monopha-Statistical analysis
sic displacement of radiolabeled ANP binding. In theThe numbers of ligand binding sites of different affini-
glomerulus, Bmax was significantly reduced in BUO com-ties and their dissociation constant (Kd) and maximal
pared with that in control (4539 6 583 vs. 9661 6binding capacity (Bmax) were derived by Scatchard analy-
772 amol/mm2, N 5 6 each, P , 0.05), while the Kd wassis using the LIGAND iterative model-fitting computer
not significantly affected (1.3 6 0.4 vs. 2.1 6 0.3 nmol/L,program [18]. Data are presented as means 6 SEM. Com-
N 5 6 each; Fig. 7). In the papilla, Bmax was also signifi-parisons between the groups were performed by non-
cantly decreased in BUO compared with that in the
paired t test or one-way analysis of variance (ANOVA).
control (2794 6 749 vs. 5297 6 912 amol/mm2, N 5 6
each, P , 0.05) with no significant differences in Kd
(4.1 6 1.2 vs. 6.3 6 0.8 nmol/L, N 5 6 each; Fig. 7).RESULTS
Functional parameters Guanylyl cyclase activity
Following the 48-hour ureteral obstruction, not only Figures 8 and 9 show the particulate guanylyl cyclase
blood urea nitrogen and serum creatinine but also the activity evoked by ANP in the glomerulus and papilla,
plasma ANP was significantly increased (Table 1). Table 2 respectively. The degree of maximal increase was sig-
shows the urinary excretion and renal function data fol- nificantly reduced in both the glomerulus and the papilla
lowing the release of obstruction. The serum creatinine in BUO, with no significant differences in EC50. The
was kept increased in BUR-4 and BUR-24, along the decrease of guanylyl cyclase activity was rapidly revers-
concomitant decrease of its renal clearance. The urinary ible with the release of the ureteral obstruction, showing
flow and sodium excretion were threefold to sevenfold a partial recovery in BUR-4 and complete normalization
in BUR-24.increased in BUR-4, which was, furthermore, positively
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Table 2. Renal functional parameters in BUR-4 and BUR-24 rats
BUR-4 BUR-24
Control Experimental Control Experimental
(N 5 7) (N 5 7) (N 5 8) (N 5 6)
SCr mg/dL 0.4460.02 4.3061.25b 0.5760.02 1.2560.35
CCr mL/min 1.2360.16 0.3860.12c 1.0760.09 0.6160.17a
Urinary flow lL/h 221635 16266375b 214647 294651
FENa % 0.2660.03 11.964.2a 0.3160.05 0.5360.39
UNaV lEq/h 37.969.6 156.7627.5b 30.867.1 34.268.6
PANP pg/mL 145.4633.4 36.560.6b 116.7626.2 117.3612.9
UANP pg/h 2.3560.4 69.666.5c 2.060.6 1.360.5
UcGMP pg/h 210.4612.2 222.7624.3 198.3624.4 168.2618.3
Values are mean 6 SEM. Abbreviations are: N, number of rats; SCr, serum creatinine; CCr, creatinine clearance; FENa, fractional Na excretion; UNaV, urinary Na
excretion; PANP, plasma ANP; UANP, urinary ANP excretion.
a P , 0.05, b P , 0.01, c P , 0.001 vs. control
Fig. 2. Correlation between urinary ANP
and (A) sodium or (B) volume excretion in
control and experimental rats.
Fig. 3. Expression of ANP mRNA in rats with bilateral ureteral ob-
struction (BUO), and BUO rats with their obstructions released and
then measurements taken four (BUR-4), and 24 hours (BUR-24) later. Fig. 4. Expression of NPR-A mRNA in BUO, BUR-4, and BUR-24
rats. Each column represents the mean 6 SEM of six rats. **P , 0.01Each column represents the mean 6 SEM of six rats. ***P , 0.001 vs.
control. vs. control.
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Fig. 6. Autoradiographic localization of 125I-ANP binding sites in con-
trol and BUO kidneys. Frozen sections were incubated with 125I-ANP
(200 pmol/L).
Fig. 5. Expression of NPR-C mRNA in BUO, BUR-4, and BUR-24.
Each column represents mean 6 SEM of six rats. ***P , 0.001 vs.
control.
malized. These findings support the hypothesis that an
increased local synthesis of ANP is causally related to
the postobstructive diuresis.
DISCUSSION Although the enzymatic activity of endopeptidase con-
tributes to the clearance of ANP, total ANP clearanceIt has been suggested that the endogenous ANP ac-
is attributed mainly to its binding to NPR-C [24]. Thecounts for one fourth of the postobstructive diuresis [6].
present study showed a marked decrease of NPR-CThe plasma ANP was indeed increased in BUO. An
mRNA in the kidney in BUO. The receptor-bindingexcessive retention of salt and water may occur during
assay also showed a decreased maximal binding capacitythe period of obstruction, and hence, an expansion of
for ANP in BUO, with the dissociation constant re-extracellular fluid volume would account for the in-
maining unaffected. An elevated tubular pressure maycreased plasma ANP. When natriuretic and diuretic
be responsible for reductions of functional nephrons andforces become manifest following the relief of obstruc-
receptors. However, a substantial reduction of ANP re-tion in our study, however, the plasma ANP was de-
ceptors without changing the affinity has been similarlycreased. Total volume excreted during the four-hour pe-
shown after an exposure to ANP in cultured vascularriod of observation in BUR-4 was estimated at up to
smooth muscle cells [25]. Therefore, an enhanced localone half of the plasma volume. Therefore, the increase
synthesis of ANP is more likely to be an event explainingor the decrease of plasma ANP levels would merely
the down-regulation of its receptors. It is suggested thatreflect an increase or instant contraction of the extracel-
not only an increased synthesis of ANP, but also a down-lular fluid volume and may not be causally related to
regulation of NPR-C contributes to the enhanced renalthe postobstructive diuresis. This speculation may be in
activity of ANP in BUO.line with the previous notion that the degree of diuresis
The expression of NPR-A that mediates the biologicaldoes not necessarily correlate with the plasma level of
effect of ANP through generation of cGMP was alsoANP [19, 20].
down-regulated, albeit to a small extent. The effect ofThe locally synthesized ANP in the kidney has been
local ANP may be dissipated when the expression ofsuggested to play a regulatory role in the urinary sodium
NPR-A is decreased. Along the decreased NPR-A ex-and water excretion. Furthermore, its role may be altered
pression, the ANP-evoked guanylyl cyclase activity wasin various pathophysiological states such as in DOCA-
indeed decreased in BUO. However, the decreased activ-salt treated [21], diabetic [22], and subtotal nephrecto-
ity was rapidly reversible upon releasing the ureteralmized [23] rats. Postobstructive diuresis may also be
obstruction. Local factors, possibly including the ele-attributed to an altered regulation of local ANP system
vated tubular pressure, may only transiently affect thein the kidney. Indeed, the present study showed that the
guanylyl cyclase activity in our experimental setup. Thepostobstructive diuresis was associated with an enhanced
rapid recovery of guanylyl cyclase activity and the persis-renal expression of ANP mRNA and an increased uri-
tent increase of local ANP synthesis may then allow thenary excretion of ANP. Furthermore, the urinary ANP
postobstructive diuresis.excretion positively correlated with the urinary flow and
The urinary excretion of cGMP was not significantlysodium excretion. In contrast, the expression of ANP
altered. One may argue that the unaltered urinary excre-mRNA did not differ significantly from control in
BUR-24, where the urinary parameters were also nor- tion of cGMP may rule out a pathophysiological implica-
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Fig. 7. Specific 125I-ANP binding in the (A)
glomerulus and (B) papilla. Symbols are: (s)
control; (d) BUO. (Inset) Representative
Scatchard plot. Abbreviations are: B/F,
bound/free; B, bound. Each point represents
mean 6 SEM of eight experiments.
Fig. 8. cGMP production in response to ANP in the glomerulus in (A) BUO, (B) BUR-4, and (C) BUR-24 rats. Symbols are: (s) controls; (d)
BUO or BUR. Each point represents mean 6 SEM of eight experiments. *P , 0.05; **P , 0.01; ***P , 0.001 vs. control.
tion of ANP/cGMP pathway in the postobstructive di- tric oxide activity may result in a decrease of cGMP for-
mation so that total urinary excretion of cGMP may alsouresis. However, the urinary excretion of cGMP may
not solely be a function of ANP, and other factors such be affected. Therefore, measurements of urinary cGMP
may not be a useful marker indicating the production andas nitric oxide and heme oxygenase also exert their bio-
logical activity through a secondary formation of cGMP release of natriuretic peptides. Further studies are needed
to delineate whether factors other than ANP are alteredin the renal medulla [26, 27]. In fact, nitric oxide activity
is decreased in rats with BUO as a consequence of dimin- in association with the postobstructive diuresis.
In summary, it is suggested that the local synthesis ofished availability of l-arginine [28–30]. The decreased ni-
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Fig. 9. cGMP production in response to ANP in the papilla in (A) BUO, (B) BUR-4, and (C) BUR-24. Symbols are: (s) controls; (d) BUO or
BUR. Each point represents mean 6 SEM of eight experiments. *P , 0.05; **P , 0.01; ***P , 0.001 vs. control.
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